We propose an ultrathin solar cell architecture design which incorporates two periodic layers of metallic and dielectric gratings. Both layers couple the incident light to photonic and plasmonic modes, thus increasing absorption within the cell. The relative position between the two gratings is examined, and is shown to have significant impact on absorption. A lateral shift between the two layers introduces structural asymmetry, and enables coupling of the incident field to optically dark photonic modes. Furthermore, the lateral shift influences mode interactions. Current density enhancement is calculated under AM1.5G solar illumination, and is found to reach a value of 1.86. The structure proposed is optimized and compared to solar cells with a single layer of metallic or dielectric nanostructures.
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Introduction
In the quest for alternative green energy sources, solar cell technology seems to be a promising candidate, as it can supply virtually unlimited amounts of energy [1] . Although solar cell technology has been around for several decades now, it is still an expensive solution compared with fossil fuel or nuclear technologies. In order to reduce material costs, one would like to produce thin film solar cells. However, thin layers generally result in poor absorbance, and therefore the energetic efficiency of solar cells based on thin film technology is low.
To overcome this deficiency, a significant effort is geared towards the research and the development of thin film solar cells with enhanced absorption, by using advanced light trapping techniques [2] [3] [4] . The use of nanoscale metallic or dielectric objects either above [5] [6] [7] [8] [9] [10] [11] [12] [13] , bellow [4, [13] [14] [15] [16] or within [17, 18] solar cells has been found to increase the generated photocurrent both theoretically and experimentally. Periodic [4-9, 14, 15] , quasi periodic [16, 19] and random [9] [10] [11] [12] [13] [18] [19] [20] nanoparticle arrays were shown to provide significant absorbance enhancement, mainly by coupling to photonic guided and/or localized modes within the absorbing substrate. Recently, there has been a growing interest in combining several grating layers [21] [22] [23] [24] [25] [26] .
Here we propose and study combined grating designs, which include two grating layers (a dual grating design) with a lateral shift between them (see Fig. 1 ). It is known that the presence of one grating structure in the near vicinity of another yields mode interactions. By changing the lateral position of one grating compared to the other, one can modify the nature of interactions between different modes and by doing so it is possible to improve absorption at specific frequencies [27, 28] . Furthermore, introducing a lateral shift between the two grating layers breaks the symmetry of the structure, and enables coupling of the incident light to dark modes which would otherwise be inaccessible at normal incidence [23, 25, [29] [30] [31] [32] . Lateral shift between two closely spaced subwavelength gratings was shown to play a major role in controlling the transmission through such a device [33] . Here, the challenge is even larger, as the absorption enhancement needs to be broad band in order to cope with realistic solar cell applications.
To illustrate our proposed approach we employ a periodic one dimensional grating structure consisting of metallic and dielectric strips (Fig. 1) . The computer simulations of the periodic structures presented here are based on the rigorous coupled wave analysis (RCWA), also known as the Fourier modal method, improved by factorization rules [34, 35] . The optical constants used in the simulations were extracted from [36] and [37] for the Silicon and for the Silver and ITO materials, respectively. At the closing point of this paper, we will present a generalization to two dimensional gratings. The simulations of these gratings were accomplished using the finite difference time domain (FDTD) algorithm, using a freely available software package [38] .
This paper provides several important contributions. First, we propose and analyze a structure consisting of two gratings (top and bottom). We start by optimizing the properties of each of the gratings and then turn into the optimization of the dual grating structure, and in particular the relative shift between the gratings. This shift gives rise to the interaction of the incident light with the various symmetric and anti symmetric modes supported by the structure. By properly choosing the shift, the coupling to highly absorbing modes becomes feasible. Otherwise, these modes are dark modes, i.e. no light is coupled to these modes and thus they do not contribute to absorption enhancement in the thin film structure. Second, it is the first time that a comprehensive comparison between the cases of single and dual grating structures is provided. This comparison clearly shows that the dual grating structure exhibits a significant improvement in absorption compared with the case of a single grating. Finally, a novel 2-D dual grating structure is proposed, showing further improvement in absorption, leading to enhanced current density.
The paper is structured as follows. Section 2 presents the design and the analysis of the 1D grating structures. It begins by considering two single grating structures, which are then compared with the proposed dual grating cell. The photonic and plasmonic modes of these structures are described, and the effect of the lateral shift in the dual grating structure is discussed. Section 3 then turns to demonstrate our basic design with a 2D grating, showing additional enhancement of absorbance within the solar cell's active layer. Finally, section 4 concludes the paper.
1D grating structures
In our simulations we consider a basic reference cell consisting of an ultrathin (100nm thick) layer of crystalline silicon as the active material layer, deposited on top of an infinitely thick Ag substrate, with a 60 nm thick layer of indium-tin-oxide (ITO) deposited on top of the silicon layer. The back Ag layer serves as a back contact and as a reflector, while the front ITO layer serves as a top contact and also as an antireflective layer. Two gratings are added to the structure: a dielectric si-ITO grating and a Ag-si grating on the top and the bottom side of the silicon layer, respectively. Both gratings are facing inwards (into the silicon layer), as shown in Fig. 1(a) . To examine the effect of the dual grating structure, we compare our results to the results obtained with a simpler structures consisting of either a single top grating ( Fig. 1(a) ), or a single bottom grating ( Fig. 1(b) ). 
Single grating structures
First we discuss the results obtained with the single grating structures. We optimize the height, width and period of the grating for the purpose of maximizing the short circuit current density SC J as depicted in Fig. 2 . SC J is calculated by integrating the wavelength-dependant absorption between 400 and 1100nm, weighted by the AM1.5G solar spectrum function, and by summing the contributions from both TE and TM polarization, accounting for the randomly polarized light emanating from the sun. The resulted current density is normalized to the value obtained for the same cell without the grating structures. Varying the width (W) and height (H) of the top (Fig. 2(a) ) and bottom ( Fig. 2(b) ) gratings, short circuit current enhancement SC J is calculated for a grating period of 425nm. We repeated this process by scanning the grating period in the range of 200-500nm and extracting the maximal value of and m being an integer), for a bare ITO-si-Ag structure without dielectric and metallic gratings. As the grating structures intrude the silicon layer, the effective thickness of the silicon layer (H si ) is reduced, and the modes are slightly varied. To account for this effect, the analytically solved waveguide modes were calculated for several effective thicknesses in the range of 60-100nm (in steps of 10nm). It was found that the analytically solved modes correlate best with the stronger absorption features of the contour plots for an effective thickness of H si = 80nm for the top and dual grating structures, and for an effective thickness of H si = 90nm for the bottom grating structure. The slight discrepancies are attributed to the presence of the grating structures within the silicon material, which perturb the guided modes. For the case of bottom grating structure at TM polarization illumination (Fig. 3(e) ), one can observe additional enhanced absorbance features which cannot be attributed to guided modes. These do not vary considerably with alteration of the grating period, and are identified as local surface plasmon resonances, which exist at the interface between the metallic Ag and the dielectric Si layers. In Fig. 4 we show the normalized field distribution for the different modes, validating our conclusions as to the characteristics of the modes. ) and (c) demonstrate strong light confinement in the presence of the grating structures, due to the coupling of the incident radiation to guided and localized modes, respectively. The grating parameters used for these plots are: grating period L = 425nm, grating height H = 30nm and grating width W = 110nm.
Dual-grating structures
We now turn to analyze the dual grating structure. Examining Figs. 2(c) and 2(d), we notice that the maximum current density occurs at a grating period of 425nm for both top and bottom single grating structures. Taking this fact into consideration, we find it reasonable to assume that a close to optimum result of the dual grating structure will also be obtained for a period of 425nm. Using this assumption we simplify the optimization procedure of the double grating cell, setting the period to a constant value of 425nm, and optimizing solely the width and height of the two gratings as well as the lateral shift between them. The optimized dual grating structure was attained for a top grating of H t = 40, W t = 80nm and of a bottom grating of H b = 30, W b = 110nm, with a relative lateral shift of S/L = 0.35 where S is the shift and L is the period. For such a structure the normalized current density enhancement is 1.86.
The dual grating structure exhibits similar absorption characteristics as the two single grating cells, as it couples light to the same basic photonic and plasmonic modes (Figs. 3(c)  and 3(f) ). To investigate the influence of lateral shift on the coupling of incident light to the modes supported by the structure, we present contour plots of absorption enhancement as a function of lateral shift and wavelength (Fig. 5) . Basically, the structure supports the fundamental symmetric and anti symmetric modes (where the axis of symmetry is along the z axis) and their higher orders (higher Bloch modes). At TE illumination there is a clear mode splitting between the symmetric and the anti symmetric modes around wavelengths of 900 (1.4 eV, first Bloch mode) and 620nm (2.0 eV, second Bloch mode). At 900nm light couples to the fundamental guided TE 0 mode and has a periodicity of L (i.e. the fundamental Bloch mode). When the gratings are aligned with zero lateral shift (S/L = 0), the structure holds a mirror symmetry with respect to the z axis. Electric field is symmetric with regard to the symmetry axis of the grating unit cell and therefore light can only be coupled to symmetric modes. As the ratio S/L is increased, the symmetry of the structure is broken, and light can be coupled to anti symmetric modes as well [31] . For a Bloch mode of order m, when the two gratings are placed half a mode period away from each other ( 0.5 m S L ⋅ = ), the structure returns to a symmetric state with respect to this mode. Therefore, the coupling of incident light to the anti symmetric mode of order m vanishes, and the dark anti symmetric mode is inaccessible once again. As an example, for the wavelength of 640nm, light couples to an anti symmetric second Bloch mode, and it therefore has a period of L/2. A mode of such periodicity is expected to disappear for quarter integer values of S/L, as indeed it appears in Fig. 5(a) . Figure 5 shows additional effects which depend on the ratio S/L. As S/L is modified, both the width of the modes and their resonant frequencies are modified. These changes can be explained by the effect of mode interactions, which are affected by the relative shift between the two gratings [27, 28] .
Note that the optimized structure above consists of two gratings which are spaced by a thin 10nm gap. However, this parameter is not crucial. For example, if we substantially increase the size of this gap to 30nm (by decreasing the height of the top grating), the current density J SC enhancement would lose only 0.5% of current density enhancement.
Fabricated structures may deviate in their dimensions with respect to the optimal design. It is therefore valuable to examine the sensitivity of the design to small variations in the geometric parameters. Examining the sensitivity of the optimized dual grating structure, we found the tolerances of our design to be fairly relaxed. An error as large as 10nm in all heights and widths of the two gratings still result in J SC enhancement of 1.6. Also worth mentioning is the fact that the height of the bottom grating is considerably more sensitive than other parameters. If the height of the bottom grating is held to good accuracy, the J SC enhancement will reach a value of at least 1.8, even if we allow a large 10nm error in all other parameters.
So far the discussion was restricted to the case of normal incident angles. However, an additional important parameter of the proposed structure is its angular dependency. Figure 6 presents the current density enhancement as a function of the incident angle for both TE and TM polarizations. As expected, the current density is asymmetric with angle, since the structure design is asymmetric (S/L = 0.5). Observing Fig. 6 it can be seen that the dual grating design exhibits current enhancement for angles up to 40°. For angles up to ~15°, a significant enhancement of ~1.7-1.8 is observed. Since direct solar illumination is approximately 90% of global illumination and since the vast majority of daily illuminated solar energy (e.g. over 75% [39] ) arrives around midday, at angles smaller than 40° -this information points to the significant advantage of the proposed dual grating design, compared to a bare solar cell.
Notice that the maximum current density enhancement is obtained at small angles of 3°-6°, and not at normal incidence as one would expect. This is explained as a result of our coarse optimization of the grating geometric parameters (for reasons of computational resources). Delicate stepping of all global parameters would result in maximum absorbance at normal incidence. Recently, a similar dual grating design was examined numerically in [23] . The structure examined there included a constant lateral shift of half a period between the top and bottom gratings (S/L = 0.5). Under AM1.5G the current density enhancement (compared to the same cell without any grating structures) of that structure is 1.176. However, varying the lateral shift S/L, we find that the cell could reach a current density enhancement of 1.194 with the proper optimized lateral shift of S/L = 0.39, as presented in Fig. 7 . Furthermore, under half a period offset, the sensitivity of the current density enhancement to the exact relative position of the two gratings is much greater than for S/L = 0.39. 
2D dual grating structure
Further improvement in current density can be obtained by considering two dimensional grating structures. To validate this claim we present simulation results obtained for a dual grating structure with a top grating of H t = 40nm W t,x = 80nm W t,y = 80nm, and a bottom grating of H b = 30nm W b,x = 110nm W b,y = 110nm. These parameters are a direct extension of the optimized 1D grating to a square 2D grating, except for the height of the top grating (H t ) which was modified for practical reasons related to the numeric of computer simulation. Figure 8 shows the absorbance enhancement per wavelength and the current density enhancement of the 2D grating structure. As seen in Fig. 8(b) , the total current density enhancement reaches a maximum of 2.15 for a grating wavenumber of 0.027nm −1 (periodicity of 234nm).
As mentioned above, these simulations were carried out using the FDTD algorithm, while the 1D gratings were simulated using the RCWA. These two codes were thoroughly compared for the case of a 1D grating structure and found to be in good agreement (~4% difference in overall absorption). 
Conclusion
We have performed a detailed comparison between single and dual grating ultrathin plasmonic solar cells, and have found that the dual grating structure results in a substantial photocurrent enhancement, significantly higher than that obtained for each of the two single grating designs. Moreover, we demonstrated the importance of the relative shift between the two gratings -this parameter was shown to be crucial in enhancing the current density via the mechanism of coupling to dark modes providing additional absorption. Furthermore, we obtained improved efficiency over a broad range of incident angles. This is particularly important for low cost photovoltaic systems, with no sun tracking mechanisms.
While this paper is focused on the specific material system of silicon, the effect of incorporating two grating layers in plasmonic solar cells and controlling their relative position is quite general, and could be implemented in a wide variety of thin film solar cell designs. For instance, from fabrication and economic point of view it might very much be beneficial to use thin films of amorphous silicon as the active material, rather than silicon. A possible fabrication procedure of an amorphous silicon dual grating cell is described as follows. First, a layer of amorphous silicon is deposited on a sacrificial material, and is dopes to form a pn junction. Next, using lithography and etching techniques, the first grating structure is defined and metal is deposited to form an amorphous-silicon-metal grating. After creating the first grating, the structure is bonded to a substrate, and the sacrificial material is peeled off. Flipping the structure upside down, it is now possible to fabricate a second grating. Again, the grating is defined using lithography and etching techniques. Finally, ITO is deposited on the corrugated amorphous silicon layer, to form an amorphous-silicon-ITO grating.
